The determination of the amount of hydrogen produced during the electrodeposition of zinc from alkaline zincate solutions was carried out using the rotating ring-disc electrode (RRDE) technique. The experimental conditions for which the RRDE technique offers reliable results are discussed. Hydrogen production during zinc deposition was studied for a range of cathodic (disc) current densities (20-500 A m -2) and electrolyte compositions (1-7 M KOH, 0.01-0.2 M zincate). It was found that an increasing amount of hydrogen was formed with increasing (disc) current density and decreasing KOH and zincate concentration. The impact of hydrogen formation during the charging process on nickel oxide/zinc secondary battery performance is expected to be small. It is concluded that in battery electrolytes (8 M KOH, 1 M zincate) hydrogen is formed chiefly by corrosion of the zinc electrode rather than by electrochemical formation durirtg the electrochemical reduction of zinc.
Introduction
The charging process of alkaline zinc secondary batteries is accompanied by the formation of hydrogen. The current and coulombic efficiency and, partly, the ,energy efficiency of the charging process, are dictated by the production of hydrogen. The amount of hydrogen produced depends in turn on experimental conditions such as electrolyte and battery plate composition, current density and temperature.
The deposition process of zinc from acidic electrolytes has been extensively studied because of the economic interest of the process. In recent works reporting on this process [1] [2] [3] [4] [5] , high purity synthetic electrolytes are considered and the impact of various impurities on current efficiency [1, 2] and deposit n~orphology [4, 5] are discussed. Literature on the electrowinning of zinc from alkaline solutions is sparse since application of this process is still limited. St Pierre and Piron [6] studied the electrodeposition of zinc from alkaline zincate (0.92M ZnO) solutions with copper and arsenide impurities. They found a 100% current efficiency for NaOH concen-~:rations in the range of 7.5-12.5M, current densities from 50 to 1000Am -2 and temperatures rising from 24 to 74~ in the presence of copper but not with arsenide. The appearance of the deposit is only affected by the presence of arsenide impurity, St Pierre and Piron also found that zinc electrowinning from alkaline zincate is more efficient and less affected by impurities in the electrolyte than from acidic sulphate solutions. In a recent review on zinc plating from alkaline zincate solutions [7], Wilcox and Mitchell contradict these results, and consider the alkaline bath to be less efficient than the acidic bath. However, the alkaline zincate baths have proved promising as an alternative for cyanide-based plating solutions.
Rogers and Taylor [8] studied zinc electrodeposition from alkaline zincate electrolytes (0.01-0.3 M zincate, 3 M KOH) with the rotating disc electrode and established separate zinc deposition and hydrogen evolution current density versus potential curves. They concluded that the zinc reduction reaction is always mass transport limited and, consequently, dendritic deposits are obtained. Since these dendrites are high current density sites on the electrode, hydrogen formation will take place mainly at these dendrites. Mass transport enhancement as a result of hydrogen formation will be more efficient at high current densities, where dendritic nucleation is favoured rather than dendritic growth, thus creating a stable planar high surface area. Therefore, Rogers and Taylor conclude that some hydrogen production may be beneficial during the charging of the zinc secondary battery.
Zinc electrode corrosion has been studied by several authors. Snyder and Lander [9] investigated the selfdischarge rate of zinc battery electrodes as a function of KOH and zincate concentration and amalgamation level of the electrode. They found a decrease of hydrogen production with increasing KOH concentration and with increasing mercury content of the electrode. Dirkse and Timmer [10] obtained similar results for zincate-free alkaline media. In zincatesaturated alkaline solutions zinc electrode corrosion was found to decrease significantly. In contrast with their results in pure KOH solutions an increase of zinc corrosion was observed with increasing KOH concentration in the presence of zincate ions, in agreement with the findings of Muralidharan and Rajagopalan [11] .
Various methods for the determination of hydrogen 0021-891X/88 $03.00 + .12 9 1988 Chapman and Hall Ltd. have been developed in the past. However, the most commonly used techniques are less applicable when very small amounts of hydrogen have to be determined; for example, the measurement of the total volume of H 2 [9, 10] is impossible, because the hydrogen solubility in alkaline zincate electrolytes is unknown. Also, the determination of the total weight of the zinc deposit and the electrochemical stripping of zinc [1, 2, 4, 8] are only accurate when the zinc deposit is adherent and the corrosion of zinc is negligible. The rotating ring-disc electrode (RRDE) technique is a fast and reliable method which can detect small amounts of hydrogen and has been used for the estimation of the coulombic efficiency of zinc electrodeposition from an acidic sulphate bath by Frazer and Hamilton [3] .
This work reports on the production of hydrogen during the deposition of zinc from aqueous alkaline zincate solutions, using the RRDE technique. The amount of hydrogen was determined for various current densities and potassium hydroxide and zincate concentrations. An analysis of the applicability of this method is presented.
Experimental details
A standard three-compartment electrochemical cell with an Hg/HgO reference and a platinum counter electrode was used. The electrochemical measurements were made with a Tacussel bipotentiostat (Bi-Pad) and a Hewlett Packard HP 7046A XY recorder. A detailed description of the rotating ringdisc assembly is given elsewhere [12] .
The Pt/Au RRDE (rt = 4.01, r2 = 4.40, r3 = 4.91mm; disc area = 50.6mm 2) was polished with 0.05 #m AI203 . The platinum ring was platinized and the collection efficiency determined experimentally, using a freshly prepared solution of ferricyanide/ ferr0cyanide in l M KOH. The experimental collection efficiency was in good agreement with the calculated value, interpolated from the data of Albery and Bruckenstein [t3], viz. both 0.24.
The measurements of the hydrogen production during the deposition of zinc were made following a strict procedure. First of all the collection efficiency of the Pt/Au RRDE was determined for the production of hydrogen at the gold disc in zincate-free argonsaturated KOH solutions. It was calculated from the formula
where N is the collection efficiency, IR the hydrogen oxidation current at the ring and ID the galvanostatic hydrogen formation current at the disc. The ring potential, ER, was set at --0.2 V vs Hg/HgO, which is well within the mass transport region for the oxidation of dissolved hydrogen. Then, the gold disc was electroplated with a zinc layer (3/~m) from an alkaline zinc bath, containing no additives. A series of measurements were started at least 30 rain after the electrode had been transferred to the cell. During this time, argon was bubbled through the solution to remove oxygen. The hydrogen production during the deposition of zinc was measured as a function of current density (20-500 A m -2) in an argon-saturated alkaline zincate electrolyte. The galvanostatic cathodic current was applied for 2 min irrespective of the current density used. A longer duration of the current 'pulse' can cause zincate depletion and hydrogen saturation of the electrolyte and eventually even unacceptable ringdisc gap narrowing. The current pulse was followed by at least 2 rain with no current at the disc. The collection efficiency was again determined at the end of each series of measurements after the zinc deposit had been removed. All experiments were performed at room temperature. The electrolytes were made from Analar grade potassium hydroxide and zinc oxide and doubly distilled water. The concentrations of the solute species are based on the assumption that zinc oxide is quantitatively converted to Zn(OH)]-, according to the equation
Results and discussion

The hydrogen oxidation reaction at platinum
Iris known that the presence of zinc ions in solution changes the behaviour of the platinum electrode. Therefore, first the oxidation of hydrogen at a platinum electrode was studied in alkaline zincate solutions. In Fig. 1, a voltammogram is shown of a platinum electrode in an argon-saturated 7 M KOH electrolyte with and without zincate ions. The addition of zincate ions alters the voltammogram in the low potential region, where zinc is adsorbed onto the platinum electrode. The oxidation current decreases significantly, which indicates that the hydrogen adsorption at the platinum surface is inhibited in zincate-containing electrolytes.
